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AESTRACT

A simple, accurate. computerized technique has been developed, and experimentally
verified, to compute, print, plot and draw a curve of the residual stress distri-
bution in two orthogonal directions of an isotropic or orthotropic structure.

Strain gage measurements are made on the two opposite surfaces of ag element
before and after being cut from the structure, and linear stresses are computed
from the values of the released strains. The non-linear residual stress distri-
bution across the element is determined by removing layers of material from one
side. Thickness and strain readings are taken before and after removal of each
layer. These data plus Poisson's ratios and the elastlic modulli in two orthogonal
dire~tions become the input to the Fortran IV program, which computes, tabulates,
plots and drawé a curve of the linear end non-linear residual stresses.

The required minimum length and width of the specimen in relation to the thickness
has been experimentally determined.

A literature survey of the varilous technigues which have been used in the past
to determine residual stresses 1s included with comments as to their advantages
and disadvantages.
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PREFACE

Residual stresses have long been suspected as being one of the factors influenc~

ing premature failure of some structural elements.

It therefore becomes mandatory for the structural engineer to know the magnitude

of these stresses.

This document has been written to outline a simple, accurate, computerized
technique which has been developed to determine and display the residusl stresses
in two orthogonal directions of an isotropic or orthotropic structure.
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INTRODUCTION

A simple. accurate. computerized techniaue has been developed. and experimen-
tally verified, to compute, vrint. piot and draw a curve of the residual
stress distribution in two orthocgonal directions of an isotroplec or ortho-

tropic structure.

L.L  Tyves snd fauses of Hesidual Stresses

Residual stresses may be classified ns linear and non-linear. Linear
residual stresses are the result of moment and/or axial load applied to an
element of a structure by its adjacsnt elements. An example of this type
of residual stress is a flai sheet which is elastically defcrmed in the
process of assembly te it around circular frames thus inducing a linear.
residual stress in the sheet which Is due to moment. Non-linear residual
stresses are tne stresses.which exist in an element after it has beén TE~
moved from its adjacent elements. Since the element }5 in equilibrium, ‘
the sum of the ferees and morents atu any cross-secticn are equal to zero.

The stress distridutiun across the section is characterized by the fact

that it is non-iinear, i.e.. it dces n2t vary uniformly from one surface

to the other surfece. An exauple of ithis type of residual stress is that
which 1s intrcduced into a bar Qhen it is bent beyond the proportional limit
and subsequently released. Weldipg. shot-peening and rolling of metallic
materiais wiil introduce non-linear res.dusl stresses. Curing of thermc-
setting plastice, such ac resin impregnared refrasil or fiverglass are also
causes ol non-linear reslidual stresgses. The residual stresses discussed by
the authors in this report are assumed to ve biaxial, i.e., in the x and y
directions rarallel to the suriace of ihe structure. The stresses normal

to the surface are assumed to be negligible.

1.2 Method of Apwproach

Tne approach used by the autnnrs of this report to determine the residual

'stresses in a structure is deserived in Paragraphs 1.2.1. 1.2.2 and 1.2.3

which follow.

1.2.1 Determination of Linear Reslidusl Stresses

The experimental tecnnique used to determine the linear residual stresses



utilizes two, two-element, L-type, strain gages in each ares where the
residual stresses are to be found. One gage is mounted on the top surface
and the other gage is mounted on the bottom surface, i.e., the gages are
back to back. The gage elements are mounted in the direction of the prin-
cipal stresses which are assumed to be known. After mounting the gages and
connecting them to a suitable recorder, a zero reading is taken. The gages
are then disconnected from the recorder and the element (specimen), ﬁhich

is assumed Iin this report to be a relatively flat plate of constant thickness,is
cut from the structure. The gages are again connected to the recorder énd
the strains are measured. The released strains will be the readings after
the cut minus the readings before the cut. The linear strain which existed
in the structural element before the cut will be the released strain with

~ the sign changed. The maximum linear stresses and strains will be on the -
surface and the stresses may be obtained from the strains by using Equations
2-9 and 2-10 given in Paragraph 2. Equations 2-T7 and 2-8 given in Paragraph
2 are for the linear residual stresses at other points between the surfaces

for use in the Fortran IV program which is described in Paragraph 5.

l1.2.2 Determinatlion of Non-Linear Residual Stresses

After determining the linear residual stresses, the next step ia to determine
the non-linear residual stresses which still remeln in the element. The
experimental technique used to determine these stresses is now described.

Only one of the two element strain gages previously instelled will be used

for measuring strsins, 1.e., the one on the top or the bottom surface. The
concept is to measure the change in strains on the top or bottom surface due
to removal of layers of material from the opposite surface. Before and after
e layer of material is removed, the strain on the opposite surface is measured
and also the remaining thickness of the element. Equations 3-35 through 3-kk,
shown in Paragraph 3, use this date to determine the original ron-linear re-
sldual stress which existed in each layer before it or any previous laygrs
were removed. A complete development of the equetions is given in Paragraph 3.

1.2.3 Fortran IV Residusl Stress Prozram

The Portran IV Program described in Paragraph 5 solves the equsations shown
in Paragraphs 2, 3 and 4. The print-out consists of linear residual stresses



in the x and v airections Iroem the equations of Paragraph 2, the non-linear
regsidual siresses in the x and y directions from the equations of Paragraph

Z and the total residual stresses from the equations of Paragraph 4. If
desired, the output includes ~ tape for use on the SC-4020 machine to provide
an automatic plot of the tabulated data.

.

1.2.4  Flement 3ize in Relation to Thickness

The tests descriocd in Paragraph © were made to determine the minimum length
and widtn o the clement {or specimen) in relation to its thickness. which.
when cut {rom a structure, can oe used.to determine the non-linear residual
sirecses, It was found that the residual stresses at a particular cross-
secrion berin bt drop off when tnet cross-section is closer to an edge than
th:e thickness of tne specimen. It is obvious that the residual stress will
vecome 2ero abt the edpe of the specimen. Therefore, to determine the non-
Linear residunl stress by means of an element cut from a structure. the
element length and widih should ve at least twice the element thickness

v

plus the rage length of the sirain gage.

Experimental Verification

The tests described in Paragraph 7 were made to check, experimentally. the
validity of the equations in Paragraphs 2, 2 and L and also the Fortran IV
program descrived in Paragraph 5. The experimental results show excellent

agreement with the analytically delermined values.

1.3  Twpical Uses of the Prorram

The develcpment work described in this report has simplified and mechanized
the determination of the residual stresses to such an extent that only a
minimum amount of laboratory work ana technician time is required to obtain

tabulated and/or graphicaLLy displayed data.

The procedure has been used to determine the biaxisel residual stress distri-
bution due to cqring at various sections along the length of the refrasil
liner of a rocket motor noezle. The refrasil thickness varied from approx-
imately .5" to 1". First a two-element strain gage was installed on the out-

side and inside surface at various stations along the length of four different




‘nozzles which had had different cure cycles. A lengthwise strip about

3 inches wide, which included all the strain gages, was then cut from

each nozzie. Strain gage readings were taken before and after cutting the
strip. These readings were.recorded on the load sheet for later use in
obtaining the linear residual stress due to moment plus axiasl load. The
strip was then cut into blocks about 3 inches long, each block having one
strain gage centered on 1its top and bottom surfaces. The bottom gage was
then removed since material would be removed from this side and the gage

was no longer needed. The material was removed by an AB Buehler, Ltd.

wet belt sénder. A total of 21 specimens were cut from four different
nozzles. The leboratory time was approximately 2 hours per specimen for
installing the strain gages, 1 hour per specimen for the grinding procedure
including strain gage readings and thickness measurements, and approximately
3 minutes total computer time to obtain tabular and graphical display of the
" residual stress distribution for the 21 specimens. Documentation of this

work has not been completed or published.

. The procedure hes also been used to determine the blw-axial residual stress
distribution at various sections along the length of .1lO4 inch thick alum- fi
inum alloy weld seams. Layers were removed by milling masterial from one

side of the specimens. This work is still in progress.

1.4  Previous Experimental Work

A large amount of experimental work has been performed in the area of
residual stress determination. Moet of this work can be roughly classified
into four separate groups. These consist of material removal procedures,
X-ray diffrasction techniques, optical; and ultrasonic methods.

1.k.1 Material Removal Procedures

The first of these, the material removal procedure, is by far the most widely
used. A characteristic of this technique is the removel of leyers from & -
test specimen by machining, grinding, etching, etc.. Stresses in each layer
are then determined from measurement of the dimensional changes experienced
by the parent material. A few of the investigators who were instrumental in



the development of the theory of the layer removal method were HeynB,
Sachsh and Rembowskis.

Major variations in the use of this technique usually lie in the manner in
which dimensional changes are determined, or material is removed. Dial
indicators and acid etching were utilized by Waisman6, while straln gages
and chemical removal were used by Demorest and LeeserY. Straln gages
were also used by Richardss, Mackg, Hansliplo, Greavesll and Davidson12

b
while Leafl3 explored a number of material removal and measurement tech-

nigques.
A varistion of the layer removal process was suggested by Mﬁtharlh. Basic-
ally, his method consists of drilling a small hole in a test speciman. By
this operation, a partial elastic spring back occurs in the immediate
vicinity of the hole, and residual stresses at the specimens surface can
be determined. This method has been used by Soetels, Palermol6 and
Riparbellil’

and Tokarcik  who applied stresscoat to take the‘required measurements.

The major advantage of the layer removal technique stems from the fact that
it i1s generally easier to apply, and more economical than any of the other
methods and it gives a complete plcture of the residual stress field. MsJjor
disadvantage lies in its destruction of the test specimen. Furthermore,
great care must be exercised in its applicstion, so as to minimize intro-
duction of new stresses during the removal operation, and in the measurement

of extremely minute dimensional changes.

The hole drilling method is the least destructive of the material removal
techniques, and it permits the eveluation of the residual stresses st what
is eséentially a point. . However, it can generally be used to obtain only

those stresses which occur at the test specimen’'s surface.

1.4.2  X-Ray Diffraction Techniques

" Another relatively widely used technique for the determination of residual

stresses is that of X-Ray diffraction. The X-Ray method measures spacings

, all of whom used strain gages to determine dimensional changes,




between atom planes in a single grain by determining the angular position

at which the diffracted X-Ray beam appears on & photographic plate. Changes
in spacings between atom planes parallel to the specimens surface and planes
inclined at some angle to the surface of the specimen, can be interpreted by
changes in angular positions of the corresponding diffracted beams. The
stress in any direction on the surface of the specimen can then be related

to the change of the diffraction angle of two such measurements by the theory

of elasticity. This technique has been used by Barretl9, Stepheneo,

DonachieEl, Miller22 and Harvey23.

The X-Ray diffraction technique has the considerable advantage of leaving the
test specimen intact, but it is quite costly by virtue of the highly special-
ized equipment required, and can only be used tc determine surface stresses

at a point.

1.4.3 Optical Techniques

Optical techniques have occasionally been used in the study of residual
stresses in certain highly specialized applicetions. Since glass is a bire-

fringent medium, Rineyeh was able to apply photoelasticity to the deter-
mination of residual stresses in electron tubes, and Lettleton25 used it
to study gquenching stresses in glass, Nisida26 utilized the photo~-plastic
properties of cellulose nitrate to study residual stresses in plastically

deformed beems and wedges, and Nye27

worked with the birefringent proper-
ties of silver chlorlide crystals to investigate crystallographic influences
on residual stresses. Lastly, Letner28 used an Iinterferometric technique

in conjuntion with the material removal method to determine residual stresses

in rectangular bars.

l.4.4 Ultrasonic Techniques

A relatively recent innovation in the area of experimental residusl stress
determination is the ultrasonic technique. Firestone29 has found that

resldual stresses can cause changes in the veloecilty and attenuvation of ultra;
sonic waves applied to metal specimens. If the specimen is 1sotropic, the
velocity of the ultrasonic shear wave is independent of the direction of

particle motion. If, through the epplication of stress, this isctropy is

AV BE OF INTEREST IN
APPLIcdTiony To SITRESS MWSARVE
¢ DErEerion SYSresy



destroyed however, the velocity is found to vary with the direction of
particle motion. Under these conditions, it was found that s plane polarized
ultrasonic shear wave would propagate only if the particle motion was either
parallel or perpendicular to the applied stress. This effect was seen %o
induce birefringeﬁce in metallic specimens in much the same way as visible
polarized light produces birefringence in certain transparent anisotropic
materials.

RollinsBO has applied this non-destructive technique to the study of
residual stresses Iin aluminum and steel specimens. ’

1.5 BSuggested Additional Work

One of the limitations of the procedure outlined in this report is that

the cross-section, in which the non-linear residuel stress distribution
'is desired, be rectangulsr. By making some revisions in the equations,

80 that the area and moment of lnertia of irregulasr cross-sections could
be continuously determined, the Fortran IV progrem could be revised to
" handle any shape or cross-section.

Another limitetion of the procedure outlined in the report is the assumption
that any layer of material parallel to the top and bottom surface of the
gpecimen is the same as every other layer. In sandwich type construction j
this is not true. By proper revision of some of the equations, and the f‘{;ﬁayﬁ
inclusion of these ravisions in the Fortran IV program, it would also be
possible to eliminate this limitation. |




ne experimentsl procedure for determining the linear residual stresssg

and the assumptions made arc outlimed in parasgraph 1L.2.1. The purpose of
his section is to show the development of the equations Tor waximum stress
at the surfaces and the averape stress which exists in any arbltrary layer
chosen between the surfeces. An egustion Tor the average stress in any
layer 1lg necessary so that this stress mey be added to the non-linear stress

which is determlned by the procedure outlin in Paragraph 3.

2.1 Analyslis Development

-

The strain distridbution in the x-direction which existed in the element
before 1t was cut from the structure is assumed to be linear as shown in
Plgure 2-1. This sssuwpticon is justlfied by the faet that & stress-strain
curve obtained from unlcading & tenslile coupon 1s a straight line. This
is true even if the coupon nad deformed plastically during loading. A

linear strain distribubtion is also scsumed o exlst in the y-direction.
J

The strain distribatlions are due $6 a moment and sxial load in both the
% and y directions. From thege sbtrains, which are released when the element

is cut out of the structure, it is possible to find the stress distribution.

SIRAIN DISTRIBULION BEFORE LLAMENT IS CUT FROM PART
AND IDENTIFICATION OF ELEMENT LAYERS
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Define the following terms as:

(€ x) A = strain reading along the x-axis on the outside surface due
0

SMo to moment plus axial load before the element is cut from the

structure. Positive 1f indlcating a unit length increase
of the gage. (in./in.) '

(€

) = sgtrain which existed on the outside surface of the element

X oM

before cutting the element from the structure. (in./in.)

Then using the following subscripts,

X, ¥y = along the x and y-axes reépectively.
OSM = on the outside surface due to moment plus exial load.
.ISM_ = on the inside surface due to moment plus axial load.
0, & = before and after the cut respectively;

f = any layer

n = last layer

It follows that,

(e ) = (€ ) - (e.) (2-1)
X oM * o * oM.
Q a8
(e ) = (€_) - (e_) (2-2)
Y o Y osm y oM
(€.) = (€ ) - (€ ) (2-3)
X 1M X 1M XM
[o] a8
(¢ ) = (€ ) - () (2-4)
Y rsm Y 1aM Y reM
(o] 8
Now let
(e,) = strain which existed at the mid-point of the /th layer

M+A before cutting the element from the structure due to
moment plus axial load (in./in.)

From inspection of Figure 1,

(e ")dsm - (e x)ISM

%




(e N ) - o L
( b s x OSM 2 ua
S Fvﬁw&; o
- “ "
Simil&rly s [

(c ) = (&)

- [@y%mmu @yxﬁ%](tKjkfd)

Y
H+ﬁ O8M 2 to

To obtain \he 3 rea;\\fém t?e 8 in any layer due to the release of
1 loa ,«ﬁgua@“on 9 given on page 3 of Reference (1) may

moment plus a<ia
be used. \\\ \\x\
E %
(s

M+A

(2-5)

(2-6)

(2-7)

(2-8)

For the last layer, n, Equation 2-7 and 2-8 may be used merely by

replacing ¢ with n.

The outside surface stresses may be obtained from Bguations 2-9 and 2-10.

+

E -
X

. =

(Bdogy = Tty By | Cxdosu * My €y Josy |
® -

(8 ogy = T | (€ )omy . H (é)c,]

ylos T as | Sylosw« K Josn

(2-9)

(2-10)

The inslde surface stresses are found by using subscript Lt instead of

084 in Fguations 2-9 and 2-10.
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3.1  Symbols

(€)1
(€,);
(8¢),
(s)
(88,0

(300,

)

(s I

X

=

[

strain readlng along the x-axis before removal of the ,Zth
layer of materiasl. Positive if indicating a unit length
increase of the gage.(in./in.)

strain reading along the x-axis after removal of the Jth layer
of material. Positive if indlcating & unit length increase of
the gage.(in./in.)

change in strain on the top surface along the x-axis due to
removal of the}fth layer from the bottom surface., Positive
if unit length increases.(in./in.)

average stress along the x-axis which existed in the,[th layer
before it was removed but after £-1 layers were removed,.
Positive if tension. (psi)

average change in stress along the x-axis in the Zth layer due
to the removal of the mth layer. m<f. Positive if tension.
(psi)

total non-linear residual stress in the nth layer, i.e., last
layer.(psi)

total non-linear resldual stress in the j%h layer, i.e., any
layer. (psi) '

Poisson's ratio in the y direction due to a load in the x
direction.,

Polsson's retio in the x direction due to a load in the y
direction.

mopent in the xz plane on the cross~section of thickness ?ﬁ
required to cause the same change in strain as was caused by
the removal of the moment due to the removal of thejfth layer
of material. Compression in top is positive. (in.lb.)




n =

daidy el o Lhe Nepxis on Yne cross-section of thickness
required 1o cause the same abange in straein as was caused

Ly the wenovel o) the exial load aue Lo the remeval of the

5 . N s
Fon laver o materiel.  Tencion in top Is positive. (1b.)

L N N L ,, g N
digtance from the cepnter of Lhe £th laver to the neutral axis
of Lhe section after removal of wne wih layver.,  Positive if
. . I R s ;
the =enter <0 Lhe Jth laver 18 bLelow tne neutrael axis of the

section. (i)

zodulus of etasticits in the x-direction. (psi)

SRR 1 r o - N Cyriyet gatee [
lasth tayec v ocotal annler o

. . e . . .
anv laviers Leno than ) vhieh wuve Deen removed, see Figure 3-7.

RS - . e . ~ « PRSP S ol .
ailens tre oy onnd veowis reu;

ively, see Figure 2-1

total

Other notation is . ml'ines whess jzad.

3.2  Sprine Peas

The concepts involved L1n daeriving {he basic

and strain,

between stress

needed {for derverminiie tne neon-linear residusl stresses in a

beam by the laver reravael mrooogs, may be most clearly demonstrated by

idealizing the beam inte a series of springs ss ghown in Figure 2-3.  Each

s

spring represents a .avee ol sotevind wilcn has 4 constant residual stress

across it.

N

A discussion and enalvsio of ar Diealised aprirg-bean will therefore be

made prior o wie dcvelo wrn of oo e peneral narlysis Tor the actual

beoam., In the arelyvels of fhe Sdan. (ve serirz-beam, shresses and strains

in one direction cuiv wlii Le 2onniorprod and, theretore, Polsson's ratio

—t

(¥



may be neglected., The efre.  of stresses and strains in two directions,
including Poilsson's ratio, will be considered 1n the more

of Parsgrapn 3.3,

3.2.1 Change in Moment and Axial Load Due to Removal of Layer

The value of (Aﬁk)i’ (APX)l, shown in Figure 3.2 are the moments and axiel
loads which when applied to the beam of thickness tj will cause the same

change in strain reedings on the top surface as those caused by the removal
of <the let layer.

MOMERTS ARD AXTAL LOADS CAUSBED BY REMOVAL OF A LAYER

+<¢M%) k3 + (o )l
1 é L

7 i % E N
+(APX) ‘_wt“u 1T T T T T T T +(APX)
N et e A

immwammmmmmm‘z

% let layer assuned in tension
before removald

FIGURE 3-2
The concept may best be illustrated by an exsumple of & slmulated beam
composed of four springs as shown in Figure 3.3
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It 1s obvious that if = moment of 10 x 2 = 20 in,1b. ) and an axial load
of 10 1b =, which is the effect of spring No. 4, is applied to the beam
of Figure 3-4, it will bring the elements of this beam back to their
original load and deflection »f Figure 3-3, thus

20 10 '
Ph=3.33+-2---3-==101b8.

10
P3 = "'6667 - 3 « =10 lbs.

10
3

The result is as shown in Figure 3-5.

20
P2=3.33+-é—-- = 10 1lbs.

RESTORING AXIAL LOAD AND MOMENT

P, = + 10
7 P. = - 10
A4 3 B 10 1bs.
A
/ P2 = - 10
4 ' n 20 in. 1bs.
1~
/1
A

FIGURE 3-5

Now apply a moment of 20 in.lb. 3 and an axial load of 10 1b. —%= to the
simulated beam of Figure 3-5 and the result will be the same as the beam

shown in Figure 3-& which has no external moment or axial load applied to it.
Therefore, 1t has been demonstrated that the application of a moment of
20‘1n.lb.t) and axial load of 10 1lb, —+= , which corresponds to CAMﬁ)l

and (A.Px)l , to the weakened beam of thickness tj will cesuse the same change
in strain readings on the top surface as those caused by the removel of the
bottom spring which corresponds to the lst layer of the actual bean.

3.2.2 Steps Involved in a Simple Spring-Beam Anslogy

Heving determined the loads and deflections in the springs of en ideslized
spring-beam and the direction of (AM%)l, and CAPx)l required to cause the
same change in load on the top spring (or surface) as that caused by the
removal of the bottom spring (or layer), it is now desirable to correlate




residual siresses in an ectual beam to the loads in the springs of the
idealized suring-veam. A study of the following steps will add clarity

to the procedure and analysis development of Paragraph 3. 3.

tep 1:

Cut spring L. Measure the strain in the top spring 4. If the springs
shoewn in Figure 3-3 are assumed to be 1 in. long then the strain in the

top spring b is -.333 in. In an actual beam in which the residual stress
is to be determined this value would be the quantity cbtained by the

strain gage reading after removing the first strip minus the reading be-
fore removing the first strip. Fach spring will be considered to represent

& L sq. in. area then the modulus of elasticity = E = 10/.5 = 20 psi.

Step 2=

The measured change in strein after cutting spring 1 is the result of a
moment (AMX)L and an axial load, (Apx>l‘ which, because of the removal of
spring 1., nave been appiied te¢ the remaining three springs. Positive

. @
(AMX)l is

, and positive (APX) ig =~

1

step 3@
The determination of (AMx)l and (APX)l is as follows:

(Asx)h,l = change in stress in spring 4 due to the removel of spring 1.
| = i = -.333 (20) = -6. ]

(88,), 1 = (0€), | B =-.333 (20) = -6.66 psi

Yy = distance from the center of the hth spring to the neutral

axis of the section after removal of the 1lst spring. Positive
if the center of the Lth spring 1s below the neutral axis of

the section.

y = -1 Reference Figure 3-4
L,1

I =2Ay2 =2 (1) (-L)% =2 in.t
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(@) v, 3 (&P )y

@80, = I * A
@), - (), (2)

2 (&), (1)  (ap),
Cﬁsx)h,l = gr * 3x
-56.66 = -(AP}()l + .333 APX ’

10 1b  —

(ap, ),

and (AM ), = (10) (2) = 20 in. 1b. D)

Step L:
From the value of (AMk)l found above 1t is possible to determine the stress
(Sx)l which existed in spring 1 before the cut, thus

(s,); (1) (2) = (A4 ), = 20 in, 1.

(sx)l = 10 psi

This agrees with the original model of Figure 3-3 and completes the analysis

of spring 1.

Step 5:
Now it is necessary to determine the chenge in stresses in springs
2, 3 and L4 due to (A.Mx)l and (APx)l.

(as.) _ (Awk)l y221 - (APx)l
x’'2,1 - I A

2 3
o 20 (0 10
(as )3, = 2000) 5= = 0+ 3.333 = 3.333 pst
20 (-1) , 10
@8), 1 =53 + 3~ = -10 + 3.333 = -6.667 pst
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the chanpes winleh ocecurred belween the model

1 has been determined in Step 1

turough 4. The change in stress in springs 2, 3 and L have veen determined

5, fow, in order to determine the original stress in spring 2, it
to know the stress which exists in spring 2 sfter remov-

Tnis is done by removing spring 2, aoting the change in

)

ain in svpring 4. and then repeating Steps 1, 2, 3 and L as was done

previously to determine the orlginal stress existing in spring L.

The additional strain ipn spring & due to the removal of spring 2 is, by
inspection of Figure 3-L, equal to —3.33/20 = ~,1667 inches. In an

actual veam in which the residusl stress 1ls being determined this value
would be the quantity obtained by the strain gage reading after the removal

of the second strip minus the reading before removing the second strip.
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(aP)

o = 3.33 b~
and
(an, ), = (3.33) (1.5) = 5 in. 1b.

(Sx)z (1) (1.5) = (AMX)2 = 5 in. 1lb.

(s,), = 3.33 psi

X

This agrees with the model of Figure 3-I and the value (Sx)2 is the value
of the stress in spring 2 determined from the change in strain in spring

4 which occurred due to-the cutting of spring 2.

Step T

In order to determine the total original stress in spring 2. (SX)2 , 1t is
‘ T

necessary to subtract the change in stress which occurred In spring 2 due

to the cutting of spring L. (ASX) from the stress, (SX)E’ thus

2,1

(Sx)aT = (Sx)i? - (ASX)Q.}_

= 3.33 - 13.333 = -10.00 psi

This agrees -with the original model of Figure 3-3 and completes the analysis
of spring 2.

Step 8:
Determi:ie the change in stress in spring 3 and 4 from the cutting of spring
2. This is similar to Step 5.

5. _ (am )y Tie (ap. ),
x’3,2 12 A2
= §~%Lil + 5;%i = 6.67 psi
(38, , = ° ?;'5> v 233 o 13033 pat

Tuese changes would cause the stresses in springs 3 and 4 to go to zero.

whlch, by inspection of Figure 3-4, is what would actually happen.




Step G

Find (Sx)? by cutting spring 3. It is obvious from step 7 that after

o

cutting spring 2 the stresses in springs 3 and 4 will go to zero. There-

fore. to cut spring 3 woula cause no additional strain in spring L.

Then (és%{)h,3 = O, In an actual beam in which the residual stress is
veing determined this value would be the quantity obtained by the strain
gage reading after the removal of the third strip minus the reading before
removing the third strip.

(AS;<)34’3 = (Aéx)h,2 E = 0
(ar ), =0
(am, ) =0
(8,03 =0
" Step 10:
Similar to Step 7, the total original stress in spring 3, (sx)3 ,

T
is obtained as follows:

(s)

« = (83 - (@8); ;) -(88); 5

0 - 3.333 - 6.67 = -10 psi

i}

This agrees with the original model of Figure 3-3 and completes the analysis

of the idealized spring beam.

3.3 Procedure and Analysis Development

The following parsagraphs describe the procedure and present the develop-
ment of the final equations used to determine the non-linear residual
" stress distribution in a structural element by the use of two strain gages,

one to measure x-direction strains and one to measure y-direction strains,

23



in conjunction with the removal of material  If 1% is more convenlent

a single strain gage conslsting of two el‘&ments at 900 to each other may
be used.

3.3.1 Determinstion OFf The 8Stress in the tn Layer Due 10 the Removal
of the fth Layar

Place the strailn gages on the top surface, Read (@x)o, (éy)o and mespure
t,- Then remove layer No. L from the bottom surface, Read (&x)l, (eiy)l
and measure t

X
(ae), = (g, - (e) (3-1)
@ag), = (&) - (&), (3-2)
Or in general terms
ae), = (@), ~(€),, (3-3)
(ne) (e, - (&), (3-k)

Assume that (Afx), and (Né ) wore oaused by on average stress (%)L and

(S ) which exlated in the Clrst layer bsfore’ lts removal, Then the change

1n mom«:nb 1u the xw planeg on the cross-maction of thicknaena LL ia

N .
(A )y e (8 (kg = ) (b) ( 739.) (}»‘5)

This causes coupreusion Ln Lha top surface if (S}c)‘1 {a tenmion.

t PR :

: ‘ O 1 0

Rote the dimension ;;—Q shown in Flgure 3-6 ia mw?;m..}: - T
. . € 4 s
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FIGURE 3.6
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Simiiarly in the yz direction,
to
£ — fa - ——— -

Tnls csuses compression in the top surface if <sy)l is tension.

The change in the axial load along the x-axis on the c¢ross section of

ihickness tl is

(ap ), = (8.), (t - %) (b) (3-7)
Tnis causes tension in the top surface if (Sx)l is tension.
Similarly along the y-axis

(aP )y = (8,0 (g - %) (L) (3-8)

' This causes tension in the top surface if (Sy)l is tension.

Then using Iquation 6 given on Page 3 of Reference 1

t, t)
(Aéx)l = - (AMX)L a +‘uxy (AMy)]_ £l + ( x)l
: (L 3 1 3 E bt
£ ($p) (0) (£,7) B, (T) (D) (¢)7) x © 1
-l (AP ), . (&), ity oM ), (ap,), - u, (ap ),
E LT E bt 2 E Lt2 E vt E Lt
x A y 1
~ (3-9)
Similarly
(a¢,), = ey ),y Yy )y 4 (BB . B (ar )y (3-10)
2 : 2 E bt
E, Lt E bt B Lt x 0 1

Substitute Fquations 3-5, 3-6, 3-7 and 3-8 into Equation 3-9

25
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t t
o o
wey oL S G- v G Ee)) (6 - v) ()
%L E 2 Hxy B 4.2
x 1 Yy L
s Gy -v) ’ (s ), (x, - t;)
Ex tl Xy E t
_ (g, - %) o 305t o 3(s,); ¢, . (8,); . ”xy<s N
£ - Bt xy E.V 1 Fx ' Ey —
(3-11)
Similarly
—
(A€ ). = Yot t - 3(§x)l % + M 3(Sx)l % - (Sy)l —ﬁé,x (Sx)
y'L tl L n.y tl yx Ex tl E‘, EX __l
(3-12)

i
1

-

Solve Equation 3-1l1 and Equation 3-12 simultaneously by multiplying Equation

3-12 byuxy and add the result to Equation 3-11.

(a€), Tl (Aéy)l

_ (tg = ty) 308, £ cu 3(8, )t (8)) iy (8,);
tl N Ex tl Xy yx Ex tl Ex Xy “yx Ex
(t -t.) T 3t =
0 L g - 0 - - \
- tl Ex L t, (1 "uxy'u:,rx)+ (1 ﬂXy ‘ﬂyx) | (Sx)l
(S0 ™ 1) () . 3%
s (A Ay ) (1) (8
to ) tl ; '
= (;--2——;—) (L-a, H) (538 +%)) (8)) (3-13)
1




2k [(ae.), + Y
(81 = - [z = tx) [(g t x~lt )ﬁg (,gg y)l]) (3-14)
o~ "1 o~ V1 " Hoyy Byx

And similarly

£, E, [(aey)l L (ae ), ]

(b, - t) (35, - 0) CL-p,pt )

(s,); = (3-15)

The value of (Sx) and (Sy)f may be written immediately by its similarity

V4

to (sx)l and '(s}‘r)l which are given by Equations 3-14% and 3-15:

2 C 5
t, Ex {_(Aex)zf +'uxy (Aéy)L.J

(80 = - (e - %) By -2 (U -pp py) (3-16)
t B, | (@€) - (A€)
(Sy>)[ R CTIEET)) (3 Ty - by () (3-17)
Let
x By
l-qu/jy‘A ZMandI-ﬂxyqu = N
Then
;.2 M Z(Aéx), o (Aéy)]
(Sg)y = - &, -t) (3%, -¢) (3-18)
2 I 1
7 i £ ). AE ) |
(o) o M LOE) H, BE) (3-19)
Y/ & ,-t) (3t 5 -t)

Note that after the removal of each layer it is necessary to read (éx)f
and (é‘y)[ 50 that these values may be used in Equations 3-3 and 3-4 to
determine (AEX) and (Aéy){ . Also it is necessary to measure ty.

)
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3.3.2 Determination of Stress in the [th Layer Due to the Removal of the
lst Layer

(sx)l and (Sy)l determined by Eguation 3-1k and 3-15 are the average stresses
which existed in layer 1 before it was removed, but the stresses were

found by removing the layer. The removal of this layer caused a change in
moment of (AM ), and (AMy)l and a change in axial load of (AP ), and (APy)l

on the section whose thickness is tl. These changes in moment and axial

load caused changes in the stresses in the next layers which are not yet
removed. @SMx)l, (AM&) (AP )l’ and (AP ) cen be determined by Fquations

3-5, 3-6, 3-7, and 3-8. The change in stress in the 2nd, 3rd, and Eth
layers caused by the removal of the first layer is found as follows:

Let
(A:‘Sx)2 1 = change in stress in the 2nd layer due to the removal of
5 .
the lst layer.
(Asx)3 1 = change in stress in the 3rd layer due to the removal of
5 :
the 1lst layer,
(Asx)l 1 = change in stress in the /th layer due to the removal of
’ the lst layer.
201 distance from center of the £th layer to neutral axis of
t4
the section efter removal of the lst layer. Positive 1f
center of ¢fth layer is below neutral axis of section.
DETERMINATION CF 2z 7. m
i
t. t b = distance to neutral
5 76 . axis of section
q’g after removal of
% %\ L ' r'[ nth layer } 4 : mth layer
t,a 7 £ L 6 l | a = distance to center
8w hy X - - ] of A/th layer
/
to & é 4L 2 th layer ? %— !
J ; , i 3 +7Z, 2,27m
» 2 mth layer -i layers removed
1 _j

FIGURE 3-7
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S
+
ot
1
o+

B
2

= é <tE-L + tQ - tm)

By inspection of Figure 3-2

(3-20)

(as. ). . = (AMx)l Zo 1 . (&P, ),
x‘2,1 IL Al
(&M )y 2, 4 . (8P )
= t
Ly S|
() (o) tLB
tO
5 (s - Q) .
v T3 bt

Now let

Then
@8, ), =Bz, g (80 + € (8)) = (B 2y y +C) (S,)

S

(.ASX)B:]- N X)l

t
od
[

(W8]

-
—~
[ 4]
~

b

+

(91
[
—~
#2]
»
~—
b
—
td

1%3,1 " ¢ ) (

(ASX)LL =

As similarly

= (B 7y 4 *+Cy) (8,))

(@5,); | = (B 2y { +Cp) (S0
(13.53,)3,l = (B 25y *Cp) (sy)l

(68,0 1 = (By 2y + ) (8)))

(3-22)

(3-23)

(3-24)

(3-25)

(3-26)

(3-27)
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3.3.3 Determination of Stress in the Zth Layer Due to the Removal of the
mth Layer

Changes in the average residual stress in the 2nd, 3rd, and Zth layer due
to the removal of layer No. 1 have been found in Paragraph 3.3.2. Now it
is necessary to find the changes in the average residual stress in the 3rd,
Wl end Zin layers due to the removal of layer 2, 3, and subsequent layers.
Thig is found in a manner similar to Paragraeph 3.3.2 as follows:

Let

(ASX)3 5 = change in stress in the 3rd layer due to the removal of the
b .
2nd layer.
(as.) = change in stress in the Lth layer due to the removal of the
x'4,2
2nd layer.
(Asx)l - change in stress in the £th layer due to the removal of the
b4

mth layer.

The values of (Asx)3,2’ (ASX)L,E and (ASX)I,m may be Immediately written by
their similarity to Equation 3-21 es follows:

6(5.), (8) = t) t) 2 o (8, (8 - %))

(as_) = + (3-28)
x’3,2 % 3 t2
2
Let (
6 (t, - t,) t t, -t
32 = = 3 2’ L and 02 = ~i€~aJ2
t2 2
Define
5 - 6 (t,y = ) tny i C = Yool " S
n £ 3 m tm
m
Then
(A-sx)%2 =By %3 5 (8,), +Cy (8,); = (By 25 5+ c,) (8,), (3-29)
(68,0, 0= B % 2 (8,05 * Cp (8)y = (B %y, o * Cp) (8,0, (3-30)
(Asx)ﬁ,m =B *om (Sx)m * G (Sx)m = (B 2t Cm) (Sx)m (3-31)



[ A s £ + ) (w 3
s = ; S N, / ey Y
€ . J % : A ‘} RPN x)" /C/ b 4)4}
. - - - = A A
{ Y = {3 r~ /o o ey
Yy Tt Y ol AR (3-33)
Lo 3 3 ]
iyl dooh, E: y2 ~

3038 Uriermination of the 'Motal Non-Linear Stress in Any Layer

-

How lel the total aversge residual stress in the x-direction in the lst, 2nd,

(s

qi
i
H
1
i
|
i

ird, th and nth leyers be denoted by (Sx)l,’ (SX)ZT 3, (s.) and

(3-10)

(s )Qm = (8,0, - (88)), (3-L1)

ad
v




= (8y)g - (@8y)3, - 45)5, (3-42)

(s )ﬂ = (sj)L - (ASY,)Q,J. - (ASy) 2 et (Asy)j,m - el = (Asy)l,m=,é-l

yLT Y 2 4
(3-13)
(sy)n; '-(Asy)n’l - (Asy)nﬁ2 - e - (Asy)n,m - ‘”,.--(,Asy)-n’m - pel
(3-bk)

It is noted that (Sx)nT and (Sy)nT are composed completely of changes in

stress due to the removal of other layers, i.e., after the n-l layer is
removed it is assumed that no stress remains in the nth layer. This is in.
accordance with the assumption that each layer has a uniform stress across
it's section. The nth;, last, layer can not have a unifofm stress across
its sectlion and remain in equilibrium.

3.4  Summary

a. Cut an element of proper length and width, reference Paragreph 6, from
the structure in which the non-linear residual stregses are to be
determined.

b. Apply a two element strain gage to one surface, one element in the
x-direction and one element in the y-direction.

¢. Read (Ex)o, (éy)o and measure t_.

d. Remove lst layer from the opposite surface and read (éx)l, (éy)l and
measure tl. The thickness of the layers removed is arbitrary but it will
determine the accuracy of the final stress distribution. It is suggested
that the thickness of a removed layer be equal to or less then 1/12 of
the section height for good results. The smaller the thickness of

the removed layer the more accurate the results will be.
e. Determine O&%x)l and Qﬁgy)l from Equations 3-3 and 3-4 with .l=1.

f. Determine (sx);L and (S‘y)l by Equations 3-18 and 3-~19 with /= 1. Tnis

is the average residual stress which existed in lst layer before




removsl of the first layer, reference FEquations 3-35 and 3-40.

Remove 2nd layer and read (ex)e, (gy)2 and messure t,.

Determine (Aéx)a and (A&’y)2 from Equations 3-3 and 3-4 with L= 2,

Determine (sx)2 and (sy)2 by Equations 3-18 and 3-19 with L= 2,

Determine (Asx)e,l and (Asy);_,’l by Equations 3~3L and 3-34 with /= 2

and m = 1.
Determine (S_), and (S ). by Fquations 3-38 and 3-43 with £= 2 and
. VX 2’.[' Y ET

m = 1. This is the average residual stress which existed in 2nd layer
before removal of the first and second leyer.

Remove 3rd layer and read (Ex)3, («Ey)3 and measure t

5
Determine (Aﬁx)3 and (Aéy)B by Equations 3-3 and 3«4 with £= 3.

Determine (sx)3 and (sy)3 by Bquations 3-18 and 3-19 with = 3,

Determine (AS_) and (&S ) by Equations 3-3L and 3-34 with 7= 3 and
x’3,1 y’'3,1

m= 1.

Determin: (Asx)3’2 and (Asy>3,2 by Equations 3-31 and 3-34 withl= 3
and m = 2,

Determine (S ) by Equations 3-38 and 3-43 with /= 3 and

3 Y 3
m has progressive values beginning at 1 and golng to f«l which in this

cage 1s 2.

Remove additional layers of materiel from the specimen until only one

ze, (éy,)ﬁ and

layer is left. After the removal of each layer read (ﬁx

measure t/ .

Determine successive values of (A@x)ﬁ and (A@y,)é by Equations 3-3 and
3-k.
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t. Determine successive values of (Sxaﬁ and (Sy/)éi by Equations 3-18 and
3-19.

u. Determine successive values of (Asx)ﬁql’ (ASX)Z,?’ CASX}£’3, -

(ASX)L'm Y after the removal of each layer by Equation 3-3l.
Follow similar procedure for changes in stress in y-direction by using
Equation 3-3k4,

v. Determine successive values of (S_) and (5 ) by Equations 3-38 and
X7 Y4
- 3-L43.

, the residual stress

T
in the last layer which existed before the removal of any layers, by

Equations 3-39 and 3-4&.

w. Determine the value of (S_) and (S )
‘ X ng, y’n

3.4.1  Laboratory and Computing Work Involved

The steps (a) through (w) outlined in Paragraph 3.4 are a summary of the
steps required to determine the non-linear stress distribution in a
structursl element. However, the only laboratory work involved is in obtain-
ing the element from the structure, applying the two strain gages, taking
the strain gage readings before and after the removal of each layer and
measuring the thickness of the specimen before and after the removal of
each layer. Thils data plus EX, Ey’;lxy"uyx is recorded on the load sheet
shown in Figure 5-1 . From the load sheet IBM cards are punched. These
cards are placed behind the program desk and fed into an IBM 7094 computer.
The 7094 prints a magnetic tape which is later transferred to é Stromberg
Carlson 4020 unit to obtain vellum or microfilm type graphical output.
Either may be used to produce data as shown in Figure 5-2 or 5-3. Printed
tabular data may also be obtained as shown in Table 5-2 or 5-k.




L, TOTAL RESIDUAL STRESS DISTRIBUTION DETERMINED BY REMOVAL OF ELEMENT FROM
PART AND REMOVAL OF LAYERS FRCM ELEMENT

The linear residual stress distributlon caused by removal of the element
from the part has been determined in Paragraph 2, resulting in Equations
2-7 and 2-8.

The non-linear residual stress distiribution caused by removal of layers
from the element has been determined in Paragraph 3, resulting in Equations

3-35 through 3-44. The final step is to determine the total residual stress
in any layer, thus

‘(SX?ZTOTAL i (Sx)jmm i (S")’ZT (h-2)

(sy)ﬁTOTAL i (Sy)ij +(Sy)jm (+-2)

Since the last layer, designated as layer n, is treated as a speclal case
in Paragraph 3 the equations for the last layer become: '

(s,) = (8) + (8,)

L
* BpoTAL X e X Ny (k-3)

(Sy)“mom:. = (Sy)"mA + (Sy)nT (L-4)
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The program includes the following asutomatic operations which are displayed

on hard copy (vellum) and/or 3% MM microfilm:

a.

A separate vertical scele in psi is selected for the X and Y-stress
to it the maximum value of residual stress., computed for the
particular problem. into the avalleble vertical space. Horlzontal

grid lines are drawn and labeled in psi.

A herizental scale is selected based on the original thickness
of the element and the available horizontal space. Vertical grid

lines are drawn and labeled 1n inches.

A scaled drawing showing the element and each layer removed is
placed horizontally under the grid pattern formed by (a) and (b).
The scale is the same as horizontal grid scale. The element

layers are numbered and the uncut surface is labeled for orientation

purposes. A dimension 1s glven for the origlnael thickness of the

element.

Points are plotted showing the computed X and Y-stress at horizon-

tal stations corresponding to the mid-point of each layer removed.
Straight lines are drawn to connect the plotted points.

The page is titled with "Residual Stress Calculated by Removal of

Layers from Element' if the values of‘(ﬁx) s (éx) , (€.)
OSM IsM Y osM

and (Ey) . were zero., If any of these values were other than
IsM
zero then the title would also include "Plus Residual Stress due

to Removal of Element from Part."

The following information will also appear on the page if it was
entered on the load sheet. Name of individusl who prepared it,

the date, the subtitle, the case number,;lxy,iiyx, Ex and Ey'

Paper cut lines are shown at the four corners of the page with
a note to make the long dimension 1l inches. The short dimension
will then be 8-1/2 inches. ‘
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5.3 Sample Problems

Tvm‘sémple problems are included. Each problem consists of a load sheet,
tabulaf output and graphical display. Reference Tables 5-1 and 5-2 and
Figure 5-2 for Problem 1 and Tables 5-3 and 5-4 and Figure 5-3 for Problem
2. The data for the sample problems is that obtained from Specimen 2
wentioned in Paragraph T. The same layer removal data is used for both

problems. In Problem 1 no strains were ligted for (&x) 3 (éx) s

O8SM I8M
(e ) and (€_) since there was no release of moment and axial load
Y osM Y 1M

involved. However, when the ends of the bar were cut off to obtain the.
7—1/2 inch speclmen described in Paregraph 7.1, very slight strains were
noted for these values. These values are not truly due to the release of
moment and sxlal load but they were listed as such for Problem 2 in order
+0 show the different type of output obtained when linear strains due %o
the release of moment and exiel load are included. In esch problem a

35 millimeter film, which could be enlarged to show the same data as in
Figures 5-2 and 5-3, was obtained as part of the output. The nmicrofilm

is not shown in this report.

5.4  User Instructions

The following information is intended to be of help to those interested in
determining residual stresses by the method outlined in this report.

5.b.1 Specimen

The method is appliceble only if the specimen (or element) which is to be

cut from the structure is of constant or nearly constant thickness and any
lgyer of material parallel to the top and bottom surface is the same materisal
as every other layer. The specimen may be round, square or rectangular in
planform, and can be slightly curved, as from a shell or cylinder, but the
minirum dimension should be equal to or greater than twice the thickness
plus the gage length of the strain gage.

5.4,2 Strain Gages

A straln gage is applied to one surface in the X-direction and another gage
is applied in the Y-direction. Corresponding geges are applied to the
opposite surface. Suitable dummy gages, applied to a piece of unstressed
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GRAPHICAL DISPLAY FOR SANPLE PROBLEM 1

{ FAEPARED BY G.A. GURTMAN PAGE NO..

DATE JULY 8 1965 CASE NO.
SPECIMEN NO.2
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Actual Width of HARD COPY Vellum Roll = 9.4"
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FIGURE 5-2



ON - HIGB v AguD Onve STPASL b

S1074 VAR S §3AVT
3CHilE HIDG :c., nEve st 1]t

RV V0L HICS 3031 4AINO 107d TVI0L 40308 ¥

OBV WNYIE Y ISD COKNDS JON SV8 391533 1074 ON 41 4 3NN E0H . dt ¥
QY01 IVIXY CRV ININGH U 35VIT3Y 3HI 01 IBU WivMsS 41 79 4 :»z. KV oBIHRGN VD On Tt
ON GNY 5 i gl IR TISVO ISV JRI BT NNV IAVITHU C M INITSRANIOS VS uaRiORY 1t L
1433X3 S3HITVA TIV NI QIONION 38 1SHA IN0d T¥WT3I8 ¥ 5 THIAVT LSV SO QIACRIE SH AV T3 SE AV S0 COR VIO »zm.w.wCz
LIS N AE 20 S SR I A R N S A R A LI N LA ML DL SR AN I <<.~m_ﬂW.DMO~O~..O~n -ﬁ.4b4N4v\J1@‘@..!m.ﬁJ\ 11.1-;4.11%%!4;.}]*
T T YT T T T T YT YTV T L 0 0 TR T AL IS N O B K ey T mdﬂdm,—ouwony. 4@}«“}4]41.\00 /m Mﬂf‘ﬂ . T .44.»@.3]1!\,“ YT .uﬁ.mu‘ﬂh/
m;d 1T vy vy 7 L SN S S S S RS S b S S R S S A D SN I S R GRS N S B I 1||_\l4|1WNlﬂmmm.qulo~.}—\O~‘|‘,xﬁ\lﬂnl_ 1 o .N p 4_ O o O R T A R B S A.QJ J\WM;AL-I.N»UL
AL B B B L L A SRR R I N AL S A S LI B AL L TEER00 0] T T T e 0o t.«lﬂ.q\qxdxquu_amﬁlﬂx
T T TTTUTT [ S0 St S0 S SN S0 BN A S S S N 0 R S S N A G e NS N M M fijaJ‘.vJMUAMWOJ; 1O1M||‘lﬂf71\|n%mﬁ.ﬂ040~ o) T T ITT @mN M
S S S e S B e S S8 T R | T T T T T T T T T T T T T T ﬂ_.\v._.W.NN_OOO O...—«_WG:J__OO.O_ﬂg_qu__m.,_im,..‘
T 1T T 1T T T V1V 7T 1Y EE L L A O B B TVyri v vyoeTrT 1T T T uuﬂ_h~m4—u0—0—o_.~0—l—ﬂj\qmmhoo.u\m]@l\lﬂqa_——~_m,®ﬂNA
TI7 1 715y r{yyr v i1 rT TTrT 7 ¥y¥yrrv 3 vy ﬂ~—~NIdIO\‘MV—O—OO O‘V_~‘ﬂﬂ«©‘wvooooOA—\__~“—~_|N_O~OJ.N
L1100 A T e 1 O et A B A B B N Y Y S A O B T TN ol T T F oo o= T T T T T T gy
LT S s oo M 1 T e B B S e D S e M B B B LR A o Y BB T oy S UM BB SRR P Lo P
L2 e S 0 S TR SN N e e e 2 s sl e s s T e e M B e T T T T T T BT uAJI_‘J‘_JI«dNu.JJ!g
Ty T LAME HS SE N B RES A B S BEN S X T U T TV _..__.mJNﬁJWO—OOO“_qqu_VOOOO y____ m;WJ@ﬁ_MI#
AE%,THL E,. tecleefedfefoe]wvdfeefed iz 2_2_:7%._? afeulele s[ s [e [e]o e [l [ fodfeefed fadfsefr e Jac]e @?T?T.TT el r ol [ M
T %) h 14 (%) h g
G3NNTINGD - V1VO TVADH3YN ¥3AV1 Viva IVAONIY Y34V a
I 7T 250000 0 ' 5200000 ' 15000070 ' 2p0000 0 |

RANIXVA 001 "03ADK3Y SHIAVT 4G ON JHL SNd _ -
340 0 3MIND M SA¥YD T 1AINDSBAS 40 ¥ IWNN K1 w1 ) nso &y msix, w50, %
Q3117 43040 ML N TTSVD AHIAT HOA { ¢ ) va
Q34IND 38 I8V NAOHS SO5VI V10 THL 17V ONY QYYD 31LHL ¥

=

0v0 TVIXV ONY INTROW 40 ISV 37734 01 3NQ NivyLs

N\ T T AMO | W QO.._. ﬂ N4“ ™Y O OOOOOM:_O?HJ Wlﬂ)mﬂﬂuomq@'w,mvw TTTTTTY qOﬁ_ﬁu..O T 17Ty Oﬂm.rl.liﬂo
B > ] yt ISR . I
[ B TN 30V I8HS LOONN 1 1% A3 X3 & K .
EIUER] t E
20N NIW1D3dS ! S961 9 AnT|’ NYWLInD v 9| ¢-0
e e e T T e R T T e AT
31411808 va Y d
FEITES)
I FTFRE T TH

LN 31T NCH S SU3AVT 40 TVAON IY ONY 18Vd HOY 4 INTN3NT 40
TYAON3Y AB 035AVD 43TIY NIVHLIS A NOTLDGIBISIO SSTYLS TWNOIS 38 TYL0L 19620 CON WVYI0Ud

P Z  ovd

(59-9) [x3T7-09 Wi0j

¢ W3ITH0Y¥4 I3041VS ¥04 133HS QY0
£-9 3dvi

44



{17906~

96°8¢H
5€°02

66°6E9
£€ 9%

86 °99

1275011
21°1499~
8G°€L 02
LETB1T-
T6°%21

£6 121~
£ HEET
1179602
YETLE Y~

A

AWS—
AWS +
AWS

i

n

LE e 1601~
E1°C9EE —
£€2°22%%
EH"RERET
[P ¥ TR
G20l
5609~

£ LGy~
HUTRRGL T~
£€ES°G2LY -
65°Gl6Y
£ °2%901

X

$S341S WNOIS3e IVIGE

174

e
R VA CA VY]

NOTLIO2%1C - A

N 313 Whed SH3AVT

N

Zlcscy

VU *OCE0T -
iZ°79101
009° 8L~

"

SSIANOME VAW MIAWT

06 %t
cHCEHY IR RS
«0°01q HZ°01
10°8¢6 wCTE?
%G°G69¢G ¢ 6°6¢
SLTebs Gt ew
0L°617 uvl*19
97 %%9 £17°ed
L2°¢€L3 1% %
$o*10¢L 29t Eh
91 °R8ZL &0°21
L1116l 1&°6¢

A - X
SSaArLs
IHOTS I
»YANTT

G2 %0C00"
NOTEDINIC

IS ENS yINLN

4
Isvd

A0 TvAIN I

Su3av

Ny

721
LY

Tuvd

<
S
Q
[}
aQ
<
<
Q
Q
o
F3
L

4]

E]

12°7671~
Rt 0671

ont1-

L7911 0greshil-
ChH*RY GIPQGHT -
TEd7¢49e- 66°110%
12°19% 06697 ¢ 1T
aQragy7 1~ potagrel
PR A 2 1s*%igdl
10°8€L ~ £L°02L70 1~
C126- I YA RS S
H1°GARL~ 11901072~
47 re3l CRICING-
co*e7¢1 06*€01L¢
(CIC 0 I L1796

A X

AR YIAYT

WM 4

SCFAHLS qynT s

S NI G Y
A=

TN

06200000
NAT§33INTT

SNTEH LIS WOPnISIx MyINDTY

SQoC00G
X -3

NEFSREPIS

47 X234 ANTERTIINNI

= A4S~ HHhTGahLT— =
= A4S+ Fooll5H1T =
= A4S £6H*156 =
26160C2°02~- D172%100°C 2567°0
06940373~  2€84%1007) 031670
N6L+H002°3~ 3076100°0 a1ag-~n
0®GHAND®D~ 263G6100°9 JETIN"T
31750000~ DFE€I0D°D 38371
0%5722200°0~ 0GOT1133°D 2f16° 1
71615022~ 265€700°3 16511
020C2020°D OR%»37303°D 373377
0761000790 3221€7200°3~ 20327
3001220 NHGEINDTI- D816 77
2972130179 J31237000°3~ 09GL°7
262000523°0 272%0303°2 JE80° ¢
A X
FYATNIN HIAVT NI4177348
WO EM
ANTVIH NTVHES SSINYITHY
37%1%000°0
- A NOTIININ —- ¥
3¢ 4uNS 1718 471
2N1fF*0 2371¢°0
AY~=TA XYA=TW

<951 2 Ar

NYWLAOD

oo

X4€ -
X 4< 4
Y4S

N NP~

MIAVT

V42777 47 TTATERIN AT AACNEN I NTYHIS A9 STIMIS TwAnICIN Tving

N

AR NIMT4IMyg

¢ ¥380¥d 31dAVS 804 IN4LND YvIngylL

-5 378vL

T

45




GRAPHICAL DISPLAY FOR SAMPLE PROBLEM 2

I PREPARED BY G.A. GURTMAN PAGE NO.
OATE JULY 8 1865 CASE NO.
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structure are used for temperature compensation. The gages are read vefore
and af'ter cutting The element from the structure. From these readings the

released strains (éx) , (€ ), (&) and (€_) are determined by
osM X 1o Y osM Y 1sM
Fquations 2-1 through 2-4 and entered into the load sheet.

The straln geges are ihen removed Irom one swrface of the specimen and
lavers of material are removed from this side. Thickness of the specimen
and the strain gage readings are taken before and after the removal of

eacin layer. These data are entered into the load sheet.

5.4,2.1  Strein Gage Length

It is mentioned in Paragraoh 6 that the non-linear residual stress distribu-
tion varies in a specimen from zerc at the cut edges to the true non-linear
residuasl stress value at a distance equal to the thickness from the edge.

It has been proven by the tests mentioned in Paragraph 7 that the method

used in this report gives the correct value of the residual stress distri-
bution as long as no pért of the strain gage element is closer to the edge
of the specimen tnan the thickness of the specimen. It therefore follows
that whether or not the true non-linear residual stress varies along the length
of the structure, or the'5pecimen cut from it. the procedure in this report
will give valid results of the residual stress with the following limitation.
If the stress distribution varies over the gage length of the strain gage
then the procedure will only give the average residual stress over the gage

length.

In view of the foregoing discussion the selection of the mest appropriate
strain gage length will depend on the following considerations:
a. - The effect of the strain gage on the specimen size, i.e., specimen

gize 2 2 to plus gage length of strain gage.

b. The amount of change in residual stress distribution expected
along the length of the structure, 1l.e., the shorter the gage
length the less averaging will take place.

c. The degree of skill required to install the gage, i.e., small

gages are more difficult to install than large gages.



5.4,3 Modulus of Elasticity and Poisson's Ratio

Inter Ex’ Ey,;lyy
then E = gy and!lxy z;lyx. If the material is orthotropic there may be
cases where three of these values are known and the other is not. In this

and # _ in the load sheet. If the material is isotropic
yx

case the following relationship may be used to calculate the unknown value.

M E
—-ﬂ“ = -El (S-l)
NES x

Reference 1, Page 2.

5.4.4  Load Sheet

A sample load sheet is shown in Figure 5-1. Complete instructions for
entering the data and for obtaining the desired output is contained on the

sheet. Coﬁies of the load sheet may be obtained from elther of the authors.

5.4.5 To Obtain Desired Type of Output

"~ If it 1s desired to have the output consist of only tabulated values of
residual stress then, as indicated in Note L of the load sheet, enter 1P = 0

in column S8 of the first data card.

The tabular format will be as shown in Table 5-2 if there are no strains
due to the release of moment and axial load, i.e., a blank card is used
for the second data card as indicated in Note 6 of the data éheet. If,
however, values of strain are entered in the second date card then the

tabular format will be as shown in Table 5-Lk.

If a curve plot is desired then enter for IP, .in column 58 of the first

data card, the value shown in Note 4 on the load sheet. This will give the
plot in the desired form. In Note 4, 35 MM means 35 millimeter microfilm.
HARD COPY means a roll of vellum 9.4 inches wide with the desired curve

plots on it. Each curve is 5.8 in. by 7.5 in. Tabular output (offline list)
in the format shown in Tables 5-2 and 5-4 may be called for or not as indi-

cated in Note L4 of the load sheet.




¥ P et i s
Wonen a curve p

ig desired 1t 1is possible to get only a total plot, by

entering K = O in column 53 of the second data card, or 1t is posgible to
get both the total plot plus the layer removal data plot shown separately
on the seme sheet, by entering K = 1 in column 53 of the second data card.

This is indicated in Note 7 on the Load sheet.

5.4.6  To Ootain Residual Stress Near Surface Only

Situations may arise when it is desired to obtein the residual stress near
the surface only. This could arise in a study of different types of shot
peening where the residusl stress dlstribution due to the shot peening is
nigh close to the surface and very‘low in the rest of the section. In this
situation 1t would be possible to follow the same procedure described in this
report but to take off only a few very thin layers near the surface which
has peen shot peened. The stresses obtained will be correct on the thin
layers removed. The stress shown for the remainder of the secticon will be
& constant stress of a low magnitude. This constant low stress would not
‘be absolutely accurate but this would be of no consequence since it would
be the stresses near the surface that are of interest in the study. This

is mentioned merely to point out that 1t is not necessary to remove layers

through the whole sectlion if only the stresses in a part of 1t are of interest.

4€



EXPERIMENTAL CO VPRI TION O MINIVMWM FLIMENT SIZE

6.1 FPhotostress Menhed

A number of tests were perform:d to determine the minimum length to thick-

ness ratio of an element required Lo leave the residual stress distribution

in that element essentially undisturbed. Two severate methods of approach

were used. Firsily, a 2014-T% gluminum bar 1 x 1/2 x 27 in. was stretched in a
tencile testing machine to a sﬁréin of approximately 0.008 in/in. This
effectively relieves the bar of any initial residuasl stresses without caus-

ing any noticeable changes in the bar's dimensions. The bar waz “hen placed

in & jig similar to the one depicted in Figure 5-1, and subjected to a bend-
ing moment of §,120 Ln-ibs. This moment was sufficient to cause consider-

able plastic deformation of the specimen. Following this, 0.1l19 in. thick

photostress material {Budd Co. Type S) was bonded to the centrsl 12 inches

‘of the bar, and a grid was scribed on the photostress. A 10 inch element

was cut from this coated'area, and shear strains were recorded at points

1, 2, 3, b, 5,6, 7, & 9, 10 and 11 as shown in Figure 6-2. Slices were
then progressively removed from each end of the specimen, and shear strain
readings taken after each cut, with a Budd Co. SF/Z-U small field reflection
polarsicope. A fringe pattern photograph of the specimen after a numver

of such slices were removed is shown in Figure 6-3.

The resulting datse is shown plotted as & function of the specimens length
to thickness ratio in Figures 6.4 through 6-8. The apparently unusual be-
havior of the shear stralns at points l,'2, 10, and 11 is due to the
appearance of "time-edge” effect in the photostress material. Thils phenomena,
caused by the absorbtlon of water vepor in the photostress plastic, gives
rise to compressive Tringes. When these fringes are superimposed on those
caused by strains transferred from the aluminum bar; large errors in strain
measurement ensue. This "time-edge" fringe 1is clearly visible in Figure
6-3, as a light band on the top and bottom surfaces of the central section
of the bar. A definite trend is noted from the data gathered at points 3,
L, 5, 6, 7, 8 and 9, however. These data indicate that so long as the
specimen's length is at least twice its thickness, the strain distribution

at the center of the specimen remains undisturbed by cuts at either end.
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0.2  Strain Gage Method

,A second series of tests verified this conclusion. In these tests. strain

gages rather then photostress material were applied to an aluminum specimen
in order to determine dimensional changes. The specimen was a 201LL4-TO
aluminum bar 3 x 1L x 27 in.. and was subjected to a bending moment of
115,700 in-lbs in a Jjig similar to that depicted in Figure 6-9. A drawing

of the specimen, along with the type and location of the strain gages is
snovn in Figure £-10.

Biaxial strailn gages were then bonded to the top and bottom surfaces of the
bar. Two of these were located on the specimens center line. and two were
displaced a distance of 1-1/2 inches from the center line. An eight inch
element was removed from the specimen and, following a procedure very similar
to that usedbin the photostress tests, slices were progressively removed

from each end of the element. All strein gages were read following the
removal of each slice. A photo of the specimen taken during the slice removal
process is shown in Figure 6-11. The data obtained from the center line gages
(which was typical of the offset gages) is presented in Figures 6-12 and 6-13.
As can be seen, these results were essentially identical with ﬁhose obtained
from the photostress tests i.e., a specimen length to thickness ratio of 2

is sufficient to insure that the strain distribution at the specimens center

line remains unchanged by sllice removal.
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Lo graer o aglermine

vrocedure and the Fortran. IV program. The

3

of rectangular cross section which had been
plastically deformed. The complete program is described in detall in the

following paragraphs.

1 x 3% 27-1/2 in. were stretched uniax-

s P : 5 : 2 Pl ~0 2 /2

inlly in a tensile testing machine to a strain of C.C0C in/in. This

ain was sufficient to cause yielding without any significant permanent
changzes in the bars cross sectional areas. Since the stress-strain curve

of POLL-TO shows relatively little straln hardening in its plastic range,

this procedure relieved the bars of any extraneous residval stresses.

three inch central section was then cut from one of the bars (Specimen 1)

and one face was coated with photostress material. The 3 x 3 x 1 in. section

was then sliced with a DoAll vand saw and the slices inspected. The photo-
stress coating indicated that no residual stresses were Introduced due To
the sawing operation (see Figure 7-1). The two remaining bars, Specimen 2
and 3. were then scribed with layout lines to facilitate the placement of
the strain gages, and to act as guldes for the subsequent slicing of the
specimens. The bars were then subjected to a uniform bending moment.
sufficient to cause plastic deformation. The loading arrangement used to
bend the bars is devicted in Figure 6-9. A moment of 157,000 in. 1b. was
applied to speclmen 2 and 148,500 in/lbs to specimen 3.

ifter tne bars were bent, they were instrumented with strain gages. The

types and lLocations of the gages. along with pertinent specimen dimens ions

are shown in Figures 7-2 and 7-3. Photographs of the ilnstrumented specimens

t

gre shown in Fipgures 7-4 and 7-5. The two bars differed as to the number
of their longitudinal strain gages, and the magnitude of the

to which they were sublected. but were identical in all

o
~d
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After instrumenting, a central section, 7-1/2 inches long, was removed from
each bar. .Taking care not to damage the strain gage leads, these 1 x 3 x
7-1/2 in. specimens were then sliced along the layout lines which were now
arcs of & circle. Twelve slices were taken from specimen 2 and sixteen from
3} Photographs of the sliced specimens are shown in Figures 7-6 and 7-T.

The large amount of strain relief experienced by each slice is clearly evident
in these photographs. After the initial 7-1/2 in. cut, and after each

slice, each strain gage was read with a Budd Co., Model P-350, portable strain
indicator and the data recorded. A typical normalized data sheet is shown

in Table 7-1.

7.2 Results

As can be seen from Table 7-1, the removal of the 7-1/2 in. central section,
called out as end cut No. 1 and 2, had negligible effect on the strain gage
readings. A residual stress profile in the longitudinal (X) direction was
constructed by multiplying fhe released strain in each individual slice by
the elastlic modulus of the material. This stress was assumed to act at the
center of each slice. The stresses in the Y and Z directions were assumed

" negligibly small, and subsequent data verified this hypotheslis. A second
residual stress profile was obtained using data from the specimens topmost
strain gage in conjunction with the computer program. The resultant stress
profiles for both specimens are depicted in Figures 7-8 and 7-9. As can

be readily seen, correlation between the two is excellent.
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In conclusion the following has been accompllshed:

igue has been developed, and exper-

to compute, print, plot and draw a curve of the residual

in two orthogonal directions of an isotropic or ortho-

5
1

is ffvd to determine the non-linear residual stress

=
@
ot
e
o]
ja?

distribution. This requires a specimen whose length and width has been
experimentally determined to be twice the thickness of the specimen plus the

zage lengtn of the strailn gage.

Literature survey has been made of previous work done in the field of

measuring residual stresses.
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